Abstract-The Boeing team has designed, fabricated, and is currently testing a 5-kWh/100-kW flywheel energy-storage system (FESS) utilizing a high-temperature superconducting (HTS) bearing suspension/damping system. Primary design features include: a robust rotor design utilizing a composite rim combined with a metallic hub to create a 164-kg rotor assembly without critical resonances within the normal operating range, a closed-loop passive HTS bearing suspension/damping system, and a brushless 100-kW motor/generator. The Boeing FESS provides true isolation for the critical load as the 3-phase 480-V ac input power is converted to 600-V dc and re-inverted to clean, 3-phase 480-V ac output power by the inverter power electronics. When fully charged, the system is capable of responding within 4 ms for the uninterruptible protection of critical digital loads. Low losses and stable operation were demonstrated at rotational speeds exceeding 15,000 rpm.
I. INTRODUCTION
H IGH-TEMPERATURE superconducting (HTS) bearings have been studied for a number of applications [1] . Among the most promising of these is their potential to enable very low idling losses in flywheel energy-storage systems (FESSs). The energy losses associated with mechanical and electromechanical bearings are typically 1% to 5% of the stored energy per hour, which significantly reduces the overall system efficiency if storage times of hours are required. The losses associated with HTS bearings can be as low as 0.1% of the stored energy per hour, even when accounting for the energy to keep the HTS cold [1] .
Beginning in 1997, Boeing began working with the Department of Energy's Office of Electricity Delivery and Energy Reliability to develop FESSs for terrestrial uses such as uninterruptible power systems (UPS) and off-grid hybrid applications. To date, Boeing has designed, built, and tested laboratory prototype systems of 1-kWh to 10-kWh storage capacities, with power outputs of 3 kW up to 100 kW [2] - [5] . In this paper, we report on progress with a FESS that has an energy storage of 5 kWh, a power of 100 kW, and a suspension and damping system that is based on an HTS bearing. The basic concept for the FESS electrical system is noted in Fig. 1 . The Boeing FESS provides true isolation for the critical load as the 3-phase 480-V ac input power is converted to 600-V dc and re-inverted to clean, 3-phase 480-V ac output power by the inverter power electronics. When fully charged, the system is capable of responding within 4 ms for the uninterruptible protection of critical electrical loads.
II. DESIGN
The major subsystems of the Boeing FESS include: a robust 5-kWh rotor that utilizes composite rims combined with a metallic hub; a passive HTS bearing suspension system cooled by a closed-loop liquid-nitrogen system regulated at less than 77 K; a brushless 100-kW motor/generator; and 100-kW power electronics. A cutaway view of the 5-kWh, 100-kW FESS is shown in Fig. 2 . The complete flywheel including magnets and motor has a mass of 177 kg. Full system integration of the FESS is currently underway at the Boeing Company's test facility in Seattle, Washington.
A. Rotor
The approximately 164-kg rotor stores the bulk of its energy in the carbon-fiber composite rim. The center hub of the 5-kWh rotor is a solid metallic structure, utilized in conjunction with the composite materials to create a rotor without critical resonances within the normal operating range. All of the carbon-fiber composite parts of the rotor have been designed with a factor of safety of 2.0 relative to ultimate tensile strength, while the metallic sections have been designed with a factor of safety of at least 1.5 relative to yield strength. The composite sections of the rotor were sealed to maintain a low out-gassing rate in order to reduce the pumping requirements on the vacuum system. The Boeing team has evaluated multiple composite rim materials resulting in the successful fabrication of two 5-kWh rotor assemblies with the total indicated run-out of the latest entire rotor assembly held to 0.05 mm. Both rotors have successfully completed spin-test qualification testing to 105% of the design operating speed at the Boeing spin test facility in Seattle, Washington.
Qualifying the rotor and rotor components for high-speed operation was accomplished by the use of an air-turbine system. This method of rotor component testing is commonly referred to as "quill testing." The rotor is suspended via a single thin shaft, known as a quill shaft, (in this case a 14-mm diameter shaft) from the air turbine system mounted on the top of the vacuum chamber. The rotor is placed inside a vacuum chamber to reduce the effects of aerodynamics during a high-speed test as shown in Fig. 3 . Modeling of the dynamics of the rotor prior to high-speed spin testing was accomplished by the use of the software tool XLRotor [6] . The analysis provided by XLRotor, shown in the left-hand graph of Fig. 4 , predicted the absence of any critical frequencies within the operating mode of the rotor with the top speed displayed at 25,000 rpm. The model was in agreement with the data collected via the use of non-contact displacement sensors placed near the rim and quill during the high-speed spin testing of the rotor as it was spun up to 23,675 rpm (as shown in the right-hand graph of Fig. 4 ). Note: The response at the lower rotor speed (shown on the left-hand side of each graph in Fig. 4) is the pendulum mode of the quill shaft.
B. HTS Bearing
The 5-kWh/100-kW FESS utilizes hybrid HTS magnetic bearings [7] . The rotating component, located near the bottom of the rotor and shown in Fig. 5 , consists of three rings of radially polarized permanent magnets separated by ferromagnetic steel pole pieces. The steel rings both "turn" the flux in the axial direction so that it will have a high gradient within the adjacent superconductor, and serve as support surfaces for the mechanically weak permanent magnets. The magnet support structure includes a fiber-reinforced hoop on the outer diameter of the magnet assembly, and a fiberglass laminate hub structure to transfer loads between the magnets and a central shaft. At the center of the assembly is shown a touch-down bearing that is used to hold the rotor when the superconductors are warm, and to limit any positional excursions when it is rotating. The assembly is oriented facedown and positioned several mm above a LN-cooled cryostat containing YBCO crystals. The bearing stiffness was optimized by using finite-element analysis to maximize the field gradients within the crystals.
Each permanent magnet ring consists of a number of arc segments. The magnets are segmented to reduce the tendency to fracture under centrifugal loading. Each arc segment is magnetized uniformly in the horizontal direction, with the direction of magnetization corresponding to the middle radius of the arc. Thus, there is a discontinuity of magnetization at the boundary between segments. The discontinuity is partially mitigated by the pole pieces. Nevertheless, there is a measurable circumferential inhomogeneity of the magnetic field that is associated with the segment gaps. The mass of the bearing test rotor is 9 kg and its moment of inertia is 0.061 . The stator component of the HTS bearing is located immediately below the rotating component and consists of a set of HTS crystals in a cryostat. Each crystal is a melt-textured single-domain YBCO pellet and is affixed to the underside of the cryostat lid. The YBCO tiles are typically hexagons with a tip-to-tip dimension of 36 mm and a thickness of 4.5 mm. The HTS array is housed in a G-10 cryostat and bathed in pool-boiling liquid nitrogen. When this paper refers to working gaps for the bearing it does not include the thickness of the cryostat lid. Cooling of the HTS bearing is maintained by a closed-loop, liter-sized liquidnitrogen reservoir, utilizing a passive thermal-siphon delivery system and regulated by an "off-the-shelf" Gifford-McMahon cycle type cryocooler driven by an air-cooled compressor.
Most of the weight of the rotor is carried by a near-zero-stiffness lift bearing, located near the top of the rotor. The rotor part of this bearing is an axially magnetized permanent magnet ring. The stator part of this bearing consists of an upper axially magnetized permanent magnet ring located above the rotor ring, and a lower axially magnetized permanent magnet ring located below the rotor ring. The magnetizations are such that the upper stator ring attracts the rotor ring, and the lower stator ring repels the rotor ring.
C. Motor/Generator
Transformation between rotational kinetic energy and electrical energy is performed with the shaft-mounted brushless 100-kW motor/generator. The rotor component consists of a 6-pole permanent magnet array, banded by a graphite-fiber shell. The stator component consists of a set of water-cooled copper coils with a toothless backiron yoke surrounded by a water/glycol cooling jacket. While somewhat reducing the power density of the motor/generator, compared to a more conventional stator design, the toothless yoke reduces the negative magneto-mechanical stiffness of the motor/generator to 24.2 N/mm.
D. Power Electronics
The Boeing 5-kWh, 100-kW FESS provides true isolation for critical loads by converting the 3-phase 480 V ac input power into 600 V dc and re-inverting to clean, 3-phase 480 V ac output power by use of commercially available inverter power electronics. The system is capable of responding to line or load transients within 4 ms for the uninterruptible protection of critical loads such as digital processors or medical facilities. Earlier efforts on the integration of a 3-kW shaft-mounted brushless motor on the 1-kWh machine [2] laid the foundation for the expansion to the 100-kW motor design. The overall power layout of the Boeing FESS with the 100-kW power electronics is shown in Fig. 6 .
III. FESS PERFORMANCE
For operation, the rotor is held mechanically in place while the cryogenic system is started. The period to bring the cryogenic chamber from ambient temperature to the operating temperature of 77 K or less is about 2 hr. The cooling system is stable, as evident by the mostly constant temperatures after the initial cooldown. After the cooldown period, the rotor is released and is levitated for the entire test sequence. When testing sequence has been completed, the rotor is again mechanically constrained while the cryostat warms up.
A number of successful operations were performed with the FESS. One of the rotational speed histories is shown in Fig. 7 . Typically during a test run, the rotor is allowed to coast for brief periods, in order to measure the idling losses of the bearing and motor/generator. These periods are indicated by the more horizontal portions of the curve in Fig. 7 .
Position sensors have been placed near the top and bottom of the rotor to determine the rigid body vibration modes and bearing resonances. Fig. 8 shows an orbital plot of the rotor at low speed. The axes of the plot are the two horizontal axes in the laboratory coordinate system. Points are plotted of the position over a number of rotations. The orbit near the bottom of the rotor is shown on the left, and the orbit near the top of the rotor is sho1wn on the right. The outer circle in each case marks the location at which the rotor will bump against mechanical stops that prevent large amplitude excursions that would take the rotor away from the HTS bearing. The small center ring in each case marks the location of the center of the rotational space. Fig. 9 shows the same information for a higher rotational speed. In Fig. 9 , the orbits are larger diameter and thicker. The orbit near the top of the rotor is larger, which is plausible considering that the damping is largest in the HTS bearing which is near the bottom of the rotor. Fig. 10 shows an enlargement of the orbit near the top of the rotor. The orbit appears to consist of a whirl amplitude upon which is superimposed a subsynchronous vibration. A spectral analysis of the orbits shows that these two frequencies dominate over the entire operating range. The frequency of this vibration is equal to that the bearing radial resonance frequency and is nearly constant over the entire operating speed range of the FESS. Fig. 11 plots the relative amplitude of this subsynchronous vibration as a function of rotational speed. Except for the rotor resonance (not shown in the plots), the vibration amplitude is low until about 2000 rpm, whereupon it increases steadily with speed and is almost an order a magnitude higher at 8000 rpm. For speed ranges higher than 8000 rpm, the vibrational amplitude is nearly constant. There is only a small difference in the amplitude in accelerating mode compared to deceleration mode.
IV. ADVANCED HTS COOLING
While the thermosiphon cooling system employed in the tests to date has worked well, it is desirable to find a simpler cooling system for commercialization of FESSs. A cooling subsystem that we are investigating is shown in Fig. 12 . The cold head (protruding tube at the left in Fig. 12 ) of a cryocooler is located outward from the HTS array and is connected to it by means of a thick copper cold finger that connects to a copper plate. The copper plate is mechanically supported by a G-10 structure. The HTS crystals (not shown) sit immediately above the copper plate and are attached to it with cryogenic epoxy.
Initial tests with this cooling subsystem have involved lowspeed rotations of the HTS magnet above it. These tests are encouraging in that the rotational losses are not significantly different from that of the HTS bearing over an HTS array using liquid nitrogen for cooling. Future tests at higher speed will determine whether eddy-current losses in the copper Plate will remain sufficiently low for incorporation of this cooling method into the FESS.
V. DISCUSSION
The lift bearing significantly reduces the thrust requirement on the HTS bearing. A small but inevitable amount of instability in the lift system is counteracted with the stabilizing HTS bearing. This approach has been validated in flywheel systems built at Boeing, such as the 1-kWh/3-kW FESS [2] .
The current system level tests should verify bearing losses that are as low as 0.1% per hour-after imposing a cryogenic overhead factor (FCOH) of 20 to 30 at 77 K. Recent Boeing data on bearing losses on the Boeing 10-kWh/3-kWh FESS, utilizing the same design, have demonstrated bearing losses equivalent to about 0.1% per hour with [4] . The HTS bearing will enable autonomous operation of the 5-kWh/100-kW FESS as a peak power device, efficiently storing energy when not being called upon for a 100-kW discharge. HTS bearings possess other significant advantages such as dynamic stability, simplicity, and reliability.
VI. CONCLUSIONS
The combination of a robust rotor design without critical resonances within the operating range, an HTS bearing, a brushless motor/generator, and power electronics has created a mechanical energy storage device featuring very low standby losses and capable of responding to transient line voltage problems all the while eliminating the complex control systems of active magnetic bearing systems. This system design approach will be scaleable to larger systems capable of spinning at much higher speeds without paying the penalty of increasing the complexity of the rotor stabilization and damping system.
